Abstract Fluvial fill terraces preserve sedimentary archives of landscape responses to climate change, typically over millennial timescales. In the Humahuaca Basin of NW Argentina (Eastern Cordillera, southern Central Andes), our 29 new optically stimulated luminescence ages of late Pleistocene fill terrace sediments demonstrate that the timing of past river aggradation occurred over different intervals on the western and eastern sides of the valley, despite their similar bedrock lithology, mean slopes, and precipitation. In the west, aggradation coincided with periods of increasing precipitation, while in the east, aggradation coincided with decreasing precipitation or more variable conditions. Erosion rates and grain size dependencies in our cosmogenic 10 Be analyses of modern and fill terrace sediments reveal an increased importance of landsliding compared to today on the west side during aggradation, but of similar importance during aggradation on the east side. Differences in the timing of aggradation and the 10 Be data likely result from differences in valley geometry, which causes sediment to be temporarily stored in perched basins on the east side. It appears as if periods of increasing precipitation triggered landslides throughout the region, which induced aggradation in the west, but blockage of the narrow bedrock gorges downstream from the perched basins in the east. As such, basin geometry and fluvial connectivity appear to strongly influence the timing of sediment movement through the system. For larger basins that integrate subbasins with differing geometries or degrees of connectivity (like Humahuaca), sedimentary responses to climate forcing are likely attenuated.
Be erosion rates indicate more landslides when precipitation increases • Catchment geometry and connectivity dictate location and timing of aggradation Supporting Information:
• Text S1, Figures S1-S3, and Table S1 -S3 Titles • Figure S1 • Figure S2 • Figure S3 Correspondence to: T. F. Schildgen, tschild@gfz-potsdam.de Citation: Schildgen, T. F., et al. (2016) , Landscape response to late Pleistocene climate change in NW Argentina: Sediment flux modulated by basin geometry and connectivity, J. Geophys. Res. Earth Surf., 121, 392-414, doi:10.1002 In the western Central Andes, fill terrace formation has been commonly linked to wetter climate periods during the late Quaternary [e.g., Fontugne et al., 1999; Keefer et al., 2003; Magilligan and Goldstein, 2001; Nester et al., 2007; Magilligan et al., 2008; Steffen et al., 2009 Steffen et al., , 2010 Bekaddour et al., 2014] . In both the western and eastern Central Andes, fluvial aggradation has been explained as a result of increased hillslope erosion related to mass movements [Tchilinguirian and Pereyra, 2001; Steffen et al., 2009 Steffen et al., , 2010 Bekaddour et al., 2014] or an increase in periglacial weathering [May and Soler, 2010] . A recent study that links a series of large landslides in southern Peru to the "Ouki" wet climatic interval of~120 to 100 ka [Margirier et al., 2015] supports the importance of sudden mass movements. However, McPhillips et al. [2014] interpreted cosmogenic nuclide data from southern Peru to indicate no increased frequency of landslides during a past wet period, and instead suggested that landslides were primarily driven by seismic activity, which has not changed with time above the active subduction zone.
In the eastern Central Andes, a number of large landslide deposits in the NW Argentine Andes were correlated with past wetter climate periods [Trauth et al., 2000 [Trauth et al., , 2003 . Later work raised the possibility that mixing with Tertiary marls may have compromised the 14 C ages for those landslides, but 10 Be exposure dates confirmed that the landslides indeed cluster during wetter periods [Hermanns et al., 2004] . Only a few large landslides in NW Argentina have been associated with tectonic forcing [Hermanns and Strecker, 1999; Wayne, 1999] , but those are currently undated. Dated fill terraces in the region are limited to the Humahuaca Basin (Figure 1 ), where the timing of aggradation based on seven OSL dates and two 14 C dates spans both wetter and drier climate phases [Robinson et al., 2005; Sancho et al., 2008; Spencer and Robinson, 2008; Pingel et al., 2013] . One possible explanation for the lack of a consistent climate-related signal is that the subcatchments have different responses following a change in climate, such as may arise if they have differing thresholds for fluvial incision [Molnar, 2001; Lague et al., 2005; Molnar et al., 2006; DiBiase and Whipple, 2012] , differing vegetation cover [Tucker and Slingerland, 1997; Acosta et al., 2015] , or differing thresholds to hillslope erosion [Montgomery and Dietrich, 1992] . Alternatively, the basin geometry and connectivity may buffer or temporarily block sediment movement, resulting in mismatches between the timing of external forcing 
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and sedimentary responses [e.g., Meade, 1982; Fryirs et al., 2007a; Savi et al., 2013; Bracken et al., 2015] . Intermontane basins like Humahuaca may be particularly susceptible to such phenomena, as tectonic deformation and variations in bedrock erodibility can lead to a juxtaposition of open valleys and narrow bedrock gorges, which in turn can critically influence sediment transport times [Fryirs et al., 2007b; Cavalli et al., 2013] . Local tectonic activity may be superimposed on any of these, triggering sudden mass movements or local river aggradation/incision.
To better understand the production and transport of sediment in the Humahuaca Basin and their possible relationships with climatic and tectonic forcing, we analyze sediments from the late Pleistocene fill terraces and from the modern tributary channels. Specifically, we (1) expand the existing chronology on the timing of sediment aggradation and incision with new optically stimulated luminescence and cosmogenic 10 Be exposure ages, (2) investigate changes in erosion rates over time using 10 Be, and (3) evaluate grain size dependencies in the 10 Be-derived catchment mean erosion rates as a proxy for changes in erosion processes.
We show how detailed dating and an analysis of erosion processes can help to distinguish among various potential forcing factors and determine what aspects of the system are most important in controlling the landscape response to that forcing.
Tectonic, Geomorphic, and Climatic Setting of the Humahuaca Basin
The intermontane Humahuaca Basin lies within the Eastern Cordillera of the southern Central Andes along the eastern margin of the Puna Plateau, which is the southern sector of the Altiplano-Puna Plateau (Figure 1 ). Near the latitude of the Humahuaca Basin (22.5-24°S), deformation affected the Eastern Cordillera during the Miocene-Pliocene, dividing the formerly contiguous foreland into a series of intermontane basins that are separated by local range uplifts (reviewed in Strecker et al. [2007 Strecker et al. [ , 2009 ). Eastward propagating deformation uplifted the eastern side of the Humahuaca Basin (the Tilcara ranges) between 6 and 4.2 Ma [Pingel et al., 2013 [Pingel et al., , 2014 . Basement rocks exposed along the basin-bounding ranges include the Late Proterozoic to early Palaeozoic low-grade metasediments of the Puncoviscana Formation [Turner, 1960; Omarini, 1983; Aparicio González et al., 2014] , which are rich in centimeter-scale quartz veins. These units are superseded by CambroOrdovician sandstones and quartzites of the Mesón and Santa Victoria groups [Moya, 1988; Sánchez and Salfity, 1999; Aceñolaza, 2003] , and the Late Cretaceous to Palaeogene Salta Group, which includes red fluvial sandstone and siltstones and white marine sandstones and carbonates [Salfity, 1982; Galliski and Viramonte, 1988; Marquillas et al., 2005] . Overlying the basement rocks in the Humahuaca Basin are (1) deformed sequences of variably consolidated, late Miocene to Pliocene conglomerates and sandstones, with remnants exposed in a 2 to 3 km wide swath along the lowermost slopes on the west side of the valley [Kühn, 1923; Castellanos, 1950; Marshall et al., 1982; Salfity et al., 1984; Walther et al., 1998; Pingel et al., 2013] and (2) conglomeratic Pleistocene terrace fills along tributary valleys that commonly exceed 100 m in thickness and are several kilometers in length [Tchilinguirian and Pereyra, 2001; Robinson et al., 2005; Sancho et al., 2008; May and Soler, 2010; Pingel et al., 2013] . Deformation has continued at least through the late Pleistocene within the basin, as documented by several tens of meters of offset of the late Pleistocene fills along thrust faults on both sides of the valley [Sancho et al., 2008; Pingel et al., 2013; Streit et al., 2015] and by folding of Pleistocene basin strata [Salfity et al., 1984; Marrett et al., 1994; Sancho et al., 2008; Pingel et al., 2013] .
The deformation history and bedrock lithology have left distinct signatures in the tributary valley morphology and sedimentation patterns. While most of the western tributaries are oriented perpendicular (E-W) to the valley trunk stream (the southward flowing Río Grande), the eastern tributaries extend only a short distance upstream from the trunk stream through narrow bedrock gorges (in places only a few meters wide) before turning sharply to the north or south (Figures 2 and 3 ). There are commonly meter-scale boulders wedged within the gorges (Figure 3d ). Differences in river steepness (k sn ) values are also prominent, with a dominance of very low values in the east (despite a wide spread of values) contrasting with more moderate values and a more limited range in the west (Figure 2c ). The upper, N-S oriented reaches of the eastern tributary channels occupy perched sedimentary basins (Figures 3a and 3b) . We have not estimated the volumes of the sediment in the perched basins, but they appear to be significantly larger than the volumes of the downstream fill terraces (e.g., Figure 3b ). The sediment in the perched basins is similar to that in fill terraces at the tributary junctions with the valley trunk stream: poorly sorted layers of several centimeters to decimeters thickness that are dominated by subrounded to subangular clasts with scarce layers of sand. Locally, the fills
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10.1002/2015JF003607 consist of (1) organized sequences of tabular, bedded, imbricated pebble, and cobble conglomerates that fine upward into thin horizons of granule-sized material, representing unconfined sheet flood and less common channelized flow deposits and (2) matrix-supported boulder conglomerate horizons interbedded with the clast-supported imbricated pebble and cobble conglomerate horizons representing alluvial fan deposition with debris flows, mud flows, and sheet flood deposits.
The high topography of the Tilcara ranges on the eastern flank of the Humahuaca basin forms an orographic barrier to easterly moisture-bearing winds and separates the basin from the humid foreland to the east [Bookhagen and Strecker, 2008] . Within the Humahuaca Basin, rainfall is similar on the western and eastern valley flanks, ranging mostly from~40 to 600 mm yr À1 (Figure 2b ). Pleistocene glaciations have only affected the 5930 m high Nevado del Chañi, in the southernmost portion of the basin (Figure 2a ). Although the general rainfall pattern has probably existed since the early Pliocene following uplift of the Tilcara ranges [Pingel et al., 2014] , significant millennial-scale variations in precipitation have been inferred nearby from paleolake studies on the Puna Plateau [Bobst et al., 2001; Godfrey et al., 2003; Quade et al., 2008] and the Bolivian Altiplano [Baker et al., 2001; Fritz et al., 2004; Placzek et al., 2006] . Over the last 50 to 70 ka, wetter climate periods (compared to today) have coincided with insolation maxima [Baker et al., 2001; Bobst et al., 2001; Fritz et al., 2004] , and as such may be at least partly coupled with the intensity of the South American Monsoon System (SAMS) [Fritz et al., 2004] and associated increased easterly moisture transport [Ammann et al., 2001; Godfrey et al., 2003] . The orbital control is less pronounced prior to 70 ka [Bobst et al., 2001; Fritz et al., 2004; Placzek et al., 2006] . Variations in precipitation likely affected the Humahuaca Basin as well, as enhanced contrast in the heating of the Southern and Northern Hemisphere associated with higher intensity Be sample locations; green circles show OSL sample locations. Subcatchments in white shading show areas draining to sample locations. For zoomed view with each sample labeled, see supporting information Figure S1 . YAC: Yacoraite; HUE: Huerta; TIL: Tilcara; JUE: Juella; HUI: Huichaira; PUR: Purmamarca; and TUM: Tumbaya. (b) Yearly rainfall from TRMM2B31 data calibrated to rain-station data [Bookhagen and Strecker, 2008] . (c) Normalized river steepness index (k sn ) values calculated with a reference concavity of 0.45. Normalized histograms in the upper part of the panel illustrate the distribution of k sn values for two catchments each on the west and east sides of the valley (same abbreviations as in Figure 2a) ; colors in the histograms correspond to those shown in the legend.
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of the SAMS drives strengthened upper air easterlies, providing more moisture to the Eastern Cordillera and the Altiplano-Puna [Garreaud et al., 2003; Vera et al., 2006; Boers et al., 2013] . Convective storms in the Humahuaca region are also influenced by the South Atlantic Convergence Zone (SACZ) [Vera et al., 2006; Barros et al., 2000; Boers et al., 2015] , with a strengthened and northward displaced SACZ associated with greater precipitation in NW Argentina [Barros et al., 2000] .
Methods
OSL Dating of Fill Terrace Sediments
We used optically stimulated luminescence (OSL) to date the timing of sediment deposition within the fill terraces. Bleaching of sediment prior to burial ensures that any measured luminescence (residual stored charge) from environmental radiation is related to the time since burial. Partial bleaching is known to affect fluvial deposits [Murray and Olley, 2002; Wallinga et al., 2002; Spencer et al., 2003; Thomsen et al., 2007; Rittenour, 2008; Arnold and Roberts, 2009; Rhodes, 2011] and is often a concern in depositional settings proximal to the source area, where sediment transport time is short. Robinson et al. [2005] suggested that four main facies achieve bleaching in these environments, and they were targets for our OSL sampling: thin, laterally discontinuous windblown deposits on the top of coarse-grained fluvial bars; laterally continuous or locally pervasive loess horizons; medium-grained, medium to well sorted fluvial bar-top and chute-channel fill deposits; and medium to coarse-grained alluvial fan sheet-flow deposits. Samples were collected in black PVC tubes and environmental radiation (related to U, Th, and K concentrations) was measured in situ for 30 min using an EG&G ORTEC MicroNOMAD gamma spectrometer. Samples were collected from both depth profiles and from exposed walls of the terraces to ensure that samples span the full range of aggradation periods. Details of sample preparation procedures in the laboratory and analyses can be found in the supporting information.
Cosmogenic Exposure Dating and Erosion Rates
We measured the concentration of the cosmogenic nuclide 10 Be in quartz to determine exposure ages of the terraces, catchment mean erosion rates from modern sediment and fill terrace sediment, and bedrock erosion rates. Although concentrations of 10 Be in sediment provide "denudation" rates (the removal of mass by physical and chemical weathering processes), we employ the more commonly used term "erosion" [Summerfield, 1991] . Because most of the bedrock in the basin is characterized by the quartz vein-rich Puncoviscana Formation and the sandstones and quartzites of the Mesón Group, the region is well suited to measuring 10 Be. Details of sample preparation techniques in the laboratory and accelerator mass spectrometry analysis for the 10 Be samples can be found in the supporting information.
We collected depth profiles of 10 Be samples consisting of between 2 and 9 samples within the upper 2 m of terrace surfaces to constrain their exposure age and the inherited nuclide concentration (nuclides accumulated prior to deposition [Anderson et al., 1996] ). Depth profiles were dug into stable, undisturbed, subhorizontal surfaces away from terrace margins and far from surrounding higher topography that might lead to periodic or sustained surface burial. Profiles on the west side of the valley include YAC (Yacoraite tributary), TUM (Tumbaya tributary), PUR (Purmamarca tributary), and Pit5 (Yacoraite tributary). Pit1, Pit2, Pit3, and Pit4 are on the east side at the outlet of the Río de la Huerta valley ("HUE" in Figure 2 ). The locations at Río de la Huerta were selected atop distinct fill units whose surfaces lie at different elevations, with Pit1 sampling the highest (presumably stratigraphically oldest) unit and Pit2, Pit3, and Pit4 sampling successively lower units. Exact depth profile locations are shown in Figure S1 in the supporting information. Samples from depth profiles YAC, TUM, and PUR consisted of amalgamations of 40 to 50 pebbles between 1 and 4 cm diameter, while those of Pit1 through Pit5 consisted of 40 to 50 clasts between 5 and 10 cm diameter.
To estimate the inherited concentration of 10 Be and to calculate a terrace exposure age, we used the Monte Carlo simulator created by Hidy et al. [2010] . In running the simulations, we assumed a range of densities of 1.6 to 2.0 g cm À3 (results only differed by a few percent compared to a range of 1.6 to 1.8 g cm
À3
) and an attenuation length scale of 160 ± 5 g cm À2 . On the terrace surfaces we sampled, there are commonly welldeveloped desert pavements, comprising a surface layer of tightly interlocked clasts overlying a layer of fine-grained sand and silt up to several decimeters thick. Such surfaces are commonly interpreted to have experienced inflation over time, with aeolian material accumulating beneath the uppermost layer of clasts, which are passively uplifted during the accumulation [e.g., McFadden et al., 1987; Scherler et al., 2014b] . To simulate inflation of those surfaces, we applied a constant negative erosion rate and a total (negative) erosion threshold equal to the thickness of the fine-grained unit. We excluded the surface sample from the simulation (as required by the simulator for inflating surfaces), but later used that sample to independently estimate a surface exposure age after subtracting the estimated inherited concentration. Nonconstant inflation may affect the calculated exposure age [e.g., Scherler et al., 2014b] but can be evaluated to a first order based on comparison with the exposure age derived from the surface sample. By default, the simulator calculates exposure ages based on a constant, site-specific production rate. Therefore, after running the simulator, we input the most probable surface concentration into the CRONUS online calculator version 2.2 [Balco et al., 2008] to determine the time-dependent "Lm" production rate over the approximately correct time interval. We then reran the Monte Carlo simulator with the time-dependent production rate to obtain a more accurate estimate of the exposure age and inherited concentration.
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To determine modern and paleo-catchment mean erosion rates [e.g., Bierman and Steig, 1996; Granger et al., 1996; von Blanckenburg, 2005] , we measured the concentration of 10 Be in samples of detrital sand and pebbles from modern channels and fill terraces in tributary catchments that range in size from 17 to 948 km 2 with mean slopes of 11.6 to 20.8° (Figures 2a and S1 ). From the modern channels, we collected samples at least several tens of meters away from any fill terraces. From the fill terraces, we collected samples from recently exposed walls that were at least several tens of meters below the terrace surface, and we dug~50 cm into the wall before collection to avoid material with significant postdeposition nuclide accumulation. From the sand samples, we processed the 0.25 to 0.71 mm grain size fraction. The pebble samples consisted of 50 to 60 amalgamated pebbles with diameters of 1 to 3 cm. We calculated catchment mean, time-dependent 10 Be production rates using the approach described in Scherler et al. [2014a] , which implements functions within TopoToolbox v2 [Schwanghart and Scherler, 2014] . Time-dependent production rates were calculated for each 90 m resolution pixel within the contributing drainage basin considering topographic shielding together with "Lm" latitude and elevation scaling (from Lal [1991] modified by Stone [2000] ) as within CRONUS version 2.2 [Balco et al., 2008] . For paleo-erosion rates, we calculated time-dependent production rates from the time of deposition [cf. Scherler et al., 2015] , based on either OSL samples collected in close proximity to the cosmogenic sample or on the surface exposure age of the terrace (Table 2 ). These production rates were averaged across the catchment and used to convert 10 Be concentrations into catchment mean erosion rates. When reporting uncertainties on those rates, we consider the "external" uncertainties, which include uncertainties in the reference 10 Be production rate for spallation and in the production rate e D e and ages calculated using mean value of first age cluster from finite age model and the relative error (MAM) [Galbraith et al., 1999] .
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by muons [Balco et al., 2008] . When reporting and discussing results in the text, we refer to 2σ uncertainty limits except where noted otherwise.
We also collected three bedrock samples to determine bedrock erosion rates from the tops of convex ridges. Those samples comprised material within the uppermost 3 cm of the bedrock surface. We calculated erosion rates with the CRONUS online calculator version 2.2 [Balco et al., 2008] using the Lal [1991] scaling modified by Stone [2000] and time-dependent production rates (denoted Lm). Locations of the logs refer to locality names shown in Figure 4a . At Río de la Huerta, we label the highest fill unit, which we presume to be oldest, Qt1, with subsequently lower and presumably younger fills labeled Qt2 and Qt3. Magenta circles correspond to sample locations within the section. Black wavy lines in Yacoraite profile indicates an inferred discontinuity. (Table 1) in the Humahuaca Basin reveal terrace fill ages of~32 to 115 ka, and ages of fine-grained material beneath the desert pavement surfaces of~25 to 90 ka. We present representative OSL ages and uncertainties in radial plots, which simultaneously give a visual representation of data accuracy, precision and spread ( Figure S2 ). Additional samples and ages of related units are listed in Table 1 . Overall, the timing of aggradation on the west side of the Humahuaca Basin (14 samples) tends to differ from the east side (18 samples) (Figure 4 ). When plotted as cumulative probability distribution functions, the peaks in ages are distinct between~32 and 90 ka but are difficult to distinguish earlier, due to the larger uncertainties in ages and/or the limited number of samples older than 90 ka ( Figure 5 ).
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The four dated fine-grained deposits beneath the desert pavement surfaces ( Figure 4 and Table 1 ) yield ages that are younger than the exposure ages of the surfaces below which they were sampled (see section 4.1.2), consistent with the notion that material is aeolian and inflated the surfaces. As such, we do not consider those dates to represent the timing of fluvial aggradation, and we do not plot them in Figure 5 . 
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A few locations where we obtained multiple OSL dates from individual fill units reveal ages that are in correct stratigraphic order; these ages help to constrain time spans and rates of aggradation. In the Río Huichaira and Juella tributary valleys on the west side of the Humahuaca Basin, OSL dates over~75 m of stratigraphic thickness ( Figure 4 ) reveal similar aggradation rates of 4.3 ± 1.4 m kyr À1 from~59 to 41 ka and 3.4 ± 1.1 m kyr À1 from~65 to 42 ka, respectively (using York et al. [2004] regressions). On the east side of the valley, a slower aggradation rate of 1.4 ± 0.6 m kyr À1 occurred at Tilcara from~84 to 69 ka. Also on the east side, aggradation rates of 0.14 ± 0.03 m kyr À1 from~84 to 36 ka, 1.0 ± 1.0 m kyr À1 from~102 to 90 ka, and 1.5 ± 1.4 m kyr À1 from Figure 6 . Monte Carlo simulation results of cosmogenic depth profiles. Samples shown with white circles were included in the simulation; those shown with black circles were not. Errors plotted are 2σ. Frequency plots to the right of the depth-concentration plots illustrate simulator results using a constant production rate (colored yellow) and using a time-dependent production rate (colored blue). In our interpretations, we only consider the results derived from the time-dependent production rate. Figure 6 ). For consistency, we use the same convention for all depth profiles.
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On the west side of the valley, depth profiles YAC and Pit5 were collected from the Yacoraite terrace. The three samples of Pit5 yielded a most probable age of 96.8 ± 11.7 ka and a mean inherited concentration of 50.4 ± 25.2 × 10 4 atoms g À1 ( Figure 6 and Table S3 ). To find reasonable fits for the YAC profile, one outlier sample was excluded (depth of 50 cm).
The remaining samples yielded a Bayesian most probable age of 73.6 ± 1.7 ka and mean inherited concentration of 13.2 ± 6.6 × 10 4 atoms g À1 ( Figure 6 and Table S3 ). The exposure age calculated for the surface sample (63.8 ± 5.5 ka, 1σ) agrees within 2σ uncertainty limits. Four samples from the TUM depth profile on the west side of the valley yielded an exposure age of 75.5 ± 1.3 ka and mean inherited concentration of 3.3 ± 1.7 × 10 4 atoms g À1 ( Figure 6 and Table S3 ). The exposure age calculated from the surface sample (80.0 ± 6.9 ka, 1σ) agrees within 1σ uncertainty limits. The two-sample profile at PUR yielded an exposure age of 97.0 ± 21.9 ka and a mean inherited concentration of 1.34 ± 0.7 × 10 4 atoms g À1 ( Figure 6 and Table S3 ).
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On the east side of the valley near the outlet of Río de la Huerta valley, Pit2 and Pit4 yielded three consecutive samples showing decreasing concentrations with depth. They resulted in Bayesian most probable ages of 118 ± 8.7 ka (Pit 2) and 39.3 ± 5.4 ka (Pit4), and mean inherited 10 Be concentrations of 65.7 ± 32.8 × 10 4 atoms g À1 (Pit 2) and 19.6 ± 9.8 × 10 4 atoms g À1 (Pit 4) ( Figure 6 and Table S3 ). From Pit3, the top two samples show decreasing concentrations with depth, but the bottom sample shows a higher concentration. After excluding the lowermost sample, we found a Bayesian most probable age of 67.8 ± 14 ka and a mean inherited concentration of~68 × 10 4 atoms g À1 (with a larger uncertainty compared to the other pits, Figure 6 ).
Despite the larger uncertainties associated with the Pit3 results, the age is in the correct presumed stratigraphic order, and the mean inherited concentration is within the same order of magnitude as Pit2 and Pit4. Pit1 yielded a more variable pattern of 10 Be concentrations with depth (Table S2) , which is inadequate to constrain an exponential trend.
Catchment Mean and Bedrock Erosion Rates
The 10 Be concentrations that we measured for our modern and terrace sediment detrital samples span three orders of magnitude, from~5 × 10 4 to 1568 × 10 4 atoms g
À1
. Overall, for individual catchments, the pebble samples yield lower concentrations compared to sand, and the catchments on the west side yield a much wider range of concentrations compared to those in the east (Figure 7a ). We discuss these patterns in more detail after converting the concentrations to erosion rates (Figure 7b ).
Modern Erosion Rates
From the modern channels, sand samples yield catchment mean erosion rates ranging from~0.02 to 0.24 mm yr
À1
, while pebble samples yield rates ranging from~0.02 to 0.54 mm yr À1 (Table 2 ). Uncertainties Figure 7b ). When comparing results for a single catchment, pebbles generally (with only one exception) yield higher mean erosion rates compared to sand (Figure 7b ). Two previously published sand samples taken from near the Humahuaca Basin outlet yielded erosion rates of 0.038 ± 0.006 mm yr À1 (sample STR-21) and 0.055 ± 0.008 mm yr À1 (sample STR-24) [Bookhagen and Strecker, 2012] . Those rates are similar to the three bedrock erosion rates, which range from 0.038 ± 0.006 to 0.061 ± 0.008 mm yr À1 (2σ, Table 2 and Figure 7b ).
Paleo-Erosion Rates From Fill Terrace Sediments
Sand layers are uncommon within the fill terraces, so most of our paleo-erosion rates are derived from pebbles or from our estimates of inherited 10 Be concentrations in the depth profiles (Table 2) . Although we present the paleo-erosion rates assuming both a zero age and a measured age of the deposit (Table 2) , we only discuss the latter rates. We present the zero-age rates solely to illustrate the importance of correcting for the sediment age for some samples, as differences between the two rates range from~3 to 35%.
On the west side of the valley, paleo-erosion rates span 2 orders of magnitude, from~0.04 to 4.4 mm yr
À1
, which often greatly exceed and sometimes overlap with modern erosion rates (Table 2 and Figure 7b ). In contrast, on the east side of the valley, paleo-erosion rates largely overlap with erosion rates from modern samples, with rates below or within uncertainty of 0.1 mm yr À1 (Figure 7b ). One exception to this pattern on the east side is the relatively high pebble paleo-erosion rate of 0.37 ± 0.03 mm yr À1 from the perched basin upstream from the bedrock gorge in Tilcara (13TIL08, Figure 7b ). We assumed an age of 80 ka for that deposit to calculate the paleo-erosion rate (similar to the aggradation age of the fill downstream); however, the age of the sediment within the perched basin is unknown. Nonetheless, alternative late Pleistocene ages also result in higher erosion rates compared to the zero-age estimate of 0.31 ± 0.02 mm yr À1 (Table 2) , which itself is still well above the other rates from the east side.
Discussion
Sediment Aggradation and Incision Cycles in the Humahuaca Basin
The terrace exposure ages on the west side are all older than the peak in OSL dates, whereas on the east side, one exposure age predates the broad, older peak in OSL ages and the two younger exposure ages fall between the two peaks of OSL ages (albeit the large age uncertainties make precise comparisons difficult) ( Figure 5 ). Although we expect to find terrace exposure ages that postdate the OSL ages (surface exposure postdates aggradation), the lack of younger exposure ages could relate to our sampling strategy. We targeted the central portions of the terraces for depth profiles to minimize the likelihood of surface erosion. Because even the terraces with simple morphology may comprise multiple periods of filling and incision, our depth profile sampling would have been biased toward older generations of fills. OSL samples, in contrast, were most often collected from incised walls of the terrace fills along the modern channels, where younger units are more likely exposed. Despite this potential bias in our sampling, differences in the timing of aggradation and incision on the western and eastern sides of the valley based on OSL ages are prominent, and point to multiple, antiphased periods of aggradation and incision along the tributary valleys. This antiphased timing in turn implies that the triggers for the main aggradation phases are likely to have arisen within the tributary valleys themselves, rather than being a response to aggradation along the trunk stream (the Río Grande).
With respect to late Pleistocene regional paleoclimate records, on the west side of the Humahuaca Basin, aggradation coincided with periods of increasing intensity of the South American Monsoon System (SAMS), which is marked by decreasing δ 18 O in stalagmites from southern Brazil ( Figure 5 ) [Cruz et al., 2005; Wang et al., 2007] . There are no millennial-scale climate archives that directly record variations in the South Atlantic Convergence Zone (SACZ). Nonetheless, modern rainfall anomalies in NW Argentina are associated with a strengthened and northward displaced SACZ [Barros et al., 2000; Boers et al., 2015] , phenomena that tend to occur together and are associated with negative sea surface temperature (SST) anomalies in the equatorial Atlantic [Barros et al., 2000] . Those negative SST anomalies in turn are correlated with enhanced easterlies [McIntyre et al., 1989; Molfino and McIntyre, 1990] and show strong positive correlations with periods of high insolation over the past 200 ka [McIntyre et al., 1989; Molfino and McIntyre, 1990; Schneider et al., 1995] .
The correlation between the peak in OSL dates on the west side of the valley and decreasing SSTs in the Journal of Geophysical Research: Earth Surface
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equatorial Atlantic (Figure 5 ; note the reversed SST axes) therefore points toward aggradation during increasing intensity and northward displacement of the SACZ. The timing of aggradation on the west side also corresponds to the earlier part of the interval of perennial paleolakes in southern Bolivia [Fritz et al., 2004 ] and a documented high lake level in Laguna Pozuelos on the Puna between 43 and 37 ka [McGlue et al., 2013] . As such, aggradation on the west side occurred during periods of increasing precipitation in the region.
Conversely, on the east side of the Humahuaca Basin, the young peak in OSL ages (~30 to 40 ka) overlaps with periods of decreasing intensity of the SAMS, decreasing intensity and southward displacement of the SACZ, and with a declining phase of the perennial Bolivian paleolakes ( Figure 5 ). The older, broader peak in ages encompasses periods of both increasing and decreasing intensities of the SAMS and SACZ, and corresponds to more variable conditions, when precessional control on precipitation on the plateau was apparently less strong [Bobst et al., 2001; Fritz et al., 2004; Placzek et al., 2006] . Lake levels, nonetheless, experienced an overall decline ( Figure 5 ). While it is difficult to relate this older peak in ages to specific paleoclimate conditions, aggradation on the east side appears to have occurred mainly during decreasing or variable precipitation conditions.
The peak in ages on the west side of the valley from~40 to 60 ka corresponds to a peak in OSL ages from fill terraces in the western Central Andes ( Figure 5 and Table S1 ). Both that peak and an additional, younger peak in ages in the western Andes from circa 20 to 30 ka are coeval with increasing intensity of the SAMS ( Figure 5 and Table S1 ). Although the Holocene peak in ages has also been suggested to relate to climate forcing, the specific climatic phenomenon that affected the region remains unclear [Steffen et al., 2009 [Steffen et al., , 2010 . Overall, this comparison with paleoclimate records illustrates that aggradation in both the western Central Andes and the western side of Humahuaca Basin occurred during increasing precipitation, while aggradation on the eastern side of Humahuaca occurred during decreasing or more variable precipitation.
Cosmogenic Nuclide Evidence for Landslides and Mass Movements
Both theoretical and field studies have demonstrated that cosmogenic nuclide concentrations measured from multiple samples collected over time or from different sediment sizes can reveal information about sediment production and transport processes [e.g., Brown et al., 1995 Brown et al., , 1998 Matmon et al., 2003; Belmont et al., 2007; Aguilar et al., 2014; Carretier et al., 2015] . Mass movements can mobilize material from several meters beneath the surface, which leads to a short-term pulse of sediment with low concentrations of cosmogenic nuclides [e.g., Brown et al., 1995; Savi et al., 2014; Olen et al., 2015] . Although such localized mobilization of low-concentration material violates the steady state erosion assumption required to convert detrital sediment nuclide concentrations into meaningful catchment mean erosion rates, it provides a potential signature of mass wasting processes. Numerical modeling studies have illustrated that due to the stochastic nature of landslides, detrital sediment samples in landslide-prone regions should yield a wide range of cosmogenic erosion rates that may underestimate or overestimate true catchment mean erosion rates, particularly from smaller basins [Niemi et al., 2005] without significant sediment storage [Yanites et al., 2009] . A similar rationale explains how nuclide concentrations from different sediment sizes can be sensitive to landslide activity: because landslides preferentially mobilize larger grain sizes from greater depths below the surface compared to diffusive hillslope processes, grain size dependency in the nuclide concentrations (with lower concentrations in larger grain sizes) may be diagnostic of landslide activity [e.g., Brown et al., 1995 Brown et al., , 1998 ]. Several field studies in landslide-prone regions have provided support for this inference [e.g., Brown et al., 1998; Belmont et al., 2007; Aguilar et al., 2014; McPhillips et al., 2014; Puchol et al., 2014] . We use these concepts to investigate the importance of landslides based on our cosmogenic nuclide samples from the modern channels and the fill terraces, specifically focusing on grain size dependence and variability in the calculated erosion rates.
Landslide Signatures in Modern Samples
Hillslopes in the region show widespread evidence for gullying and mass movements (Figures 3 and S3) . As a result, we can examine the cosmogenic nuclide data from modern samples to gauge if our samples are sensitive to mass movements. Erosion rates from the tributary sand samples mostly fall between 0.02 and 0.1 mm yr À1 (Figure 7b ). This range broadly overlaps with the erosion rates measured on sand samples from the Río Grande, whose large drainage area (~3700 km 2 ) should make the samples relatively insensitive to landslides [Niemi et al., 2005; Yanites et al., 2009] , and it overlaps with rates from the convex bedrock ridges, which appear to be unaffected by sudden mass wasting processes. Based on the overlapping rates, we infer that the sand samples from the tributaries are also minimally affected by landslides. One exception is the
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higher erosion rate of 0.24 ± 0.02 mm yr À1 for the sand sample 12PUR04. Its upstream catchment is the smallest within our sample set (17 km 2 ), which could imply that it has less effective mixing compared to the other samples and hence is more sensitive to landslides or gullying [Niemi et al., 2005] .
The amalgamated pebble samples from both the eastern and western tributaries consistently yield higher erosion rates compared to sand collected in the same location (with only one exception: 12PUR01-A) (Figure 7b ). Many of the erosion rates from pebbles also exceed the rates measured on the convex bedrock ridges and the trunk stream samples (Figure 7b ), which are less sensitive to landslides. Because mass wasting processes are active on modern hillslopes ( Figure S3 ), our cosmogenic nuclide results support previous inferences that larger grain sizes may record landslide activity and that grain size dependencies in erosion rates may provide a proxy for the importance of mass movements as a hillslope process [Brown et al., 1998; Belmont et al., 2007; Aguilar et al., 2014; McPhillips et al., 2014; Puchol et al., 2014] .
Landslide Signatures in Fill Terrace Samples
Our cosmogenic samples collected from the fill terrace sediments give us perspective into how both paleoerosion rates and hillslope processes have changed over time, as they record the cosmogenic signatures of the sediment at the time of deposition. Because the terrace fill on the west side aggraded during periods of increasing precipitation and on the east side during periods of decreasing precipitation, the cosmogenic data reflect processes occurring over different time periods on each side of the valley.
Our paleo-erosion rates show differences on the western and eastern sides of the basin that may reflect differing degrees of landslide activity in the past (Figure 7b ). On the west side of the valley, pebble samples yield a wide range of paleo-erosion rates, spanning 2 orders of magnitude from 0.05 to 4.4 mm yr
À1
. These highly variable (and often very high) rates likely reflect an increased importance of landslides at the time when the terraces were aggrading compared to today. As noted, on the west side of the valley, aggradation occurred during increasing precipitation ( Figure 5 ). In contrast, on the east side of the valley, the paleo-erosion rates based on pebbles largely overlap with those from modern sediments from the tributaries, modern sediments from the trunk stream, and with erosion rates from the bedrock ridges (Figure 7b ). This pattern indicates that landslide activity today is similar to the time when the channels were aggrading, which was a time of decreasing or variable precipitation.
There are two exceptions to this pattern. Sample 13TIL08 on the east side shows a relatively high pebble paleo-erosion rate of 0.37 ± 0.03 mm yr À1 , well above the range of modern rates on that side of the valley (Figure 7b ). That sample was collected from the perched basin upstream from the bedrock gorge in Tilcara, hinting at potentially greater past landslide activity within the perched basin. Unfortunately, due to a lack of appropriate material for OSL or 14 C dating, we do not have a depositional age on the sediment within the perched basin. Another exception is the Yacoraite catchment ("YAC" in Figure 7 ), which shows a range of paleo-erosion rates similar to those on the east side. We discuss a possible explanation for that behavior in section 5.3.3.
External and Internal Controls on Sediment Transport and Aggradation
The antiphased timing of fill terrace formation on the western and eastern sides of the Humahuaca Basin is intriguing with respect to potential forcing mechanisms. Although the link between wetter climate periods and a greater importance of landslides on the west side of the Humahuaca Basin appears well documented with our data, the absence of coeval, landslide-related fill deposits on the east side is enigmatic at first. We consider next how changes in the balance between sediment supply and transport capacity, tectonics, and valley geometry/connectivity may have influenced the timing and location of fluvial aggradation.
Changes in Sediment Supply and Fluvial Transport Capacity
Aggradation occurs when fluvial systems have insufficient capacity to transport the sediment supplied from hillslopes [e.g., Bull, 1991] . In this section, we consider how temporal and spatial variations in both sediment supply and fluvial transport/incision might explain our observations from the Humahuaca Basin.
In general, sudden mass wasting events like landslides and debris flows increase sediment supply relative to transport capacity, triggering fluvial aggradation [e.g., Miller and Benda, 2000] . Aggradation has also been shown to occur during periods of increasing precipitation without sudden mass wasting: greater rainfall can lead to an expansion of the channel network, and the associated temporary increase in sediment supply can in turn trigger aggradation along the main channel [Horton, 1945; Montgomery and Dietrich, 1992; Tucker Journal of Geophysical Research: Earth Surface
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and Slingerland, 1997]. On the other hand, both field [e.g., Bull, 1979; Acosta et al., 2015] and modeling studies [Tucker and Slingerland, 1997] have argued that when precipitation decreases, decreasing vegetation cover can trigger a temporary increase in sediment supply and consequent aggradation. These scenarios allow us to explain aggradation under either decreasing or increasing precipitation conditions due to changes in sediment supply. However, the rock types, vegetation cover, and mean slopes on the west and east sides of the Humahuaca Basin are all very similar. Hence, it is difficult to explain why the west side might be more sensitive to mass wasting or an expansion of the drainage network, while the east side is more sensitive to changes in vegetation cover.
Variations in precipitation over time will affect runoff and the transport capacity of river systems. To explain the observations from Humahuaca Basin, we must consider how it may be possible for the west and east sides to respond differently to the same climate shift. One possibility would involve differences in the threshold for erosion along river systems, which would affect their sensitivity to storm frequency: areas with high erosion thresholds would only experience incision during large storm events [e.g., Tucker and Bras, 2000; Molnar, 2001; Tucker, 2004; Lague et al., 2005; Molnar et al., 2006; DiBiase and Whipple, 2012] . Although the bedrock lithology is similar on both sides of the valley, implying a similar erosion threshold, the low river steepness values in the upper portions of the tributaries on the east side of the valley (Figure 2c ) would require a higher critical discharge to overcome a given erosion threshold (see discussion in DiBiase and Whipple [2012] ). The intriguing implication is that if drier periods are stormier, areas with differing erosion thresholds or channel steepnesses could respond differently to a change in climate: high-threshold, low-steepness channels would preferentially incise during stormier times (even if mean precipitation is lower), whereas low-threshold, high-steepness channels would preferentially incise during wetter times (even if they are less stormy) [Molnar, 2001; Molnar et al., 2006; DiBiase and Whipple, 2012] . We have no direct records of storminess during the late Pleistocene. Nonetheless, the timing of incision and aggradation is opposite of what we would predict in this particular scenario. Aggradation (rather than incision) occurs in the lower steepness eastern side during times of decreasing precipitation, and aggradation occurs in the higher-steepness western side during times of increasing precipitation.
Following these arguments, it is difficult to find a reason for the differences in the timing of aggradation and incision on the western and eastern sides of the valley only considering changes in hillslope sediment supply and river transport capacity. We next consider how tectonic activity or landscape connectivity may influence sediment supply and transport.
Tectonic Influence on Sediment Cycles
Various tectonic processes may influence sediment flux. Large earthquakes can trigger landslides and create plugs of sediment that migrate through fluvial systems [e.g., Dadson et al., 2004] . Considering the timescale of disturbance to the sediment flux following an earthquake is typically less than a decade where it has been studied in Taiwan, Papua New Guinea, and Japan [Dadson et al., 2004; Hovius et al., 2011; Marc et al., 2015] , repeated large earthquakes would be required to produce prolonged aggradation. Even if the response timescale is longer in more arid environments, repeated disturbances are likely needed to produce the fill terraces in Humahuaca Basin that aggraded over tens of kiloyears. In the eastern Central Andes, there is no precedent for seismic activity producing extensive landslides, nor is there evidence that seismicity has differed on either side of the Humahuaca Basin (both sides have been deformed in the late Pleistocene). Also, landslides today are well correlated with years of high annual rainfall [Paolini et al., 2005] . Although we cannot reconstruct earthquake activity in the past, the increased importance of landslides during a past period of increasing precipitation and the relatively long duration of aggradation points to a climatic rather than seismic trigger for landslides in the area.
Alternatively, changes in drainage-divide positions related to tectonic activity or other processes could influence sediment flux, leading to river incision or aggradation [Bishop, 1995] . The relatively high relief of the basin margins throughout the area implies that over late Pleistocene timescales, if there have been shifts in drainage divides, they are likely to have been limited to the areas close to the divides. One exception is the upper Yacoraite catchment, where the elevated, low-relief Casa Grande Basin (Figure 2b ) appears to have only recently been captured by the Yacoraite river. In fact, sediment provenance and stratigraphy shows that the basin was fully isolated between 2.1 and <1.7 Ma due to uplift along its eastern margin but was recaptured by 0.8 Ma [Streit et al., 2015] .
Finally, deformation along alluvial rivers induced by fault movement can trigger incision and the formation of terraces in regions with steepened slopes, or aggradation in areas of decreased slope [e.g., Ouchi, 1985] . The
Journal of Geophysical Research: Earth Surface 10.1002/2015JF003607 excavation of the Pliocene and younger basin fill has been suggested to have triggered multiple episodes of fault reactivation within the Humahuaca Basin [Pingel et al., 2013] . Indeed, fault movement has induced several tens of meters of vertical offset of the late Pleistocene terraces on both the east and west sides of the valley (Figures 3b and 3c ) [Sancho et al., 2008; Pingel et al., 2013] . This fault movement (in both cases, the thrusts verge upstream) could have temporarily dammed the tributaries and induced upstream aggradation, while uplifted sediments in the hanging walls were incised. However, there are no fill terraces of more than a few meters height (above the active channel) that are either synchronous with or postdate this fault activity. Considering that these clearest demonstrations of late Quaternary fault movement have produced only very small terraces, it is difficult to invoke local fault movement to explain the formation of the large (>100 m thick) fill terraces along the tributary valleys.
It is less certain whether periodic storage in the perched sedimentary basins on the east side (Figure 3a ) could relate to fault activity. Theoretically, uplift along the east-verging thrust buried beneath the perched basin fill (Figure 3a) could have temporarily dammed the drainage system, until overtopping sediment and subsequent outflow could carve a new gorge into the uplifted bedrock ridge and reestablish a downstream connection. However, the damming of significant volumes of sediment would require tens of meters of offset, with the basement overriding Pleistocene sediment. Considering that we see no evidence for such a relationship in the field and that the timing of aggradation on the east side is directly out of phase with past increases in precipitation, we favor a climate-related mechanism for the damming.
Differing Valley Geometry and Connectivity
Differing valley geometry and connectivity on either side of the Humahuaca Basin may offer an alternative explanation for our observations. If storminess did not increase during past dry phases and landslides were just as likely to occur in the east as in the west (as we argued above), landslides were likely triggered throughout the Humahuaca Basin during periods of increasing precipitation. In this case, on the west side of the valley, sediment mobilized by mass movements would aggrade within the tributary valleys, particularly near their downstream outlets. On the east side of the valley, in contrast, coeval aggradation in the near the tributary outlets did not occur. One possible explanation is that voluminous, sudden pulses of coarse sediment (e.g., debris flows) dammed the narrow bedrock gorges at the downstream outlets of the perched sedimentary basins (Figures 3d and 3e) , forcing most of the sediment to accumulate upstream (Figure 8a ). Later, during periods of decreasing precipitation when landslide activity was reduced, material that dammed the narrow bedrock gorges would have been slowly removed. Sediment in the perched sedimentary basins would in turn be slowly excavated, transferred downstream, and deposited where the valley width increases near the intersection with the main valley (Figure 8b ). The excavation process would provide time for the sediments stored within the perched basins to accumulate more 10 Be prior to their redeposition in the fill terraces, which could mask or even eliminate any cosmogenic nuclide landslide signature that may have existed in the perched basin sediments [e.g., Yanites et al., 2009 ]. In the model that emerges, fill terraces downstream from the narrow bedrock gorges on the east side would tend to be out of phase with the climate forcing that drives mass movements, lack a clear 10 Be landslide signature, and have experienced slower aggradation compared to the west side. All of these predictions are consistent with our observations. This model may also explain why the Yacoraite catchment on the west side, with the large, low-relief Casa Grande Basin in its upstream reaches, shows a cosmogenic signature similar to that of the east side. Although this model remains speculative, we emphasize that even if transient storage alone tends to smooth out grain size dependencies in cosmogenic nuclide concentrations and delay sediment transfer downstream, blocking of the gorges by landslides or debris flows explains why downstream aggradation on the east side only occurred when precipitation was decreasing.
Sedimentary Records of Landscape Response to Climate Change
Our results are consistent with previous studies linking late Pleistocene fill terraces in the Central Andes to orbitally forced climate shifts [Steffen et al., 2009 [Steffen et al., , 2010 Bekaddour et al., 2014] . Our data point to fluvial aggradation during times of increasing precipitation within drainage basins with a relatively simple morphology along the west side of Humahuaca Basin. Previous studies from the western Andes associated aggradation with wetter climate periods [Steffen et al., 2009 [Steffen et al., , 2010 . However, our comparison of the western Andean data to paleoclimate proxy records ( Figure 5) indicates that the western Andean sites in fact experienced aggradation during times of increasing precipitation, rather than during peak precipitation. Together, this work from the Central Andes supports previous inferences that transient changes in climate have the most Journal of Geophysical Research: Earth Surface 10.1002/2015JF003607 substantial impacts on landscapes with respect to erosion and sediment transport [Donnelly, 1982; Bull, 1991; Tucker and Slingerland, 1997; Inman and Jenkins, 1999; Zhang et al., 2001; Molnar, 2004] .
Unlike within the geometrically simple basins on the west side of Humahuaca, the timing of aggradation on the east side, where narrow bedrock gorges facilitate damming by landslides or debris flows, correlates with periods of decreasing precipitation. If we are correct in inferring that this valley geometry (with narrow bedrock gorges) is a primary factor leading to the antiphased timing of downstream sediment delivery, then larger basins that integrate areas with both well and poorly connected sediment routing geometries should have an attenuated response to climate forcing with respect to sediment flux. Similar inferences have been drawn from a modeling study of sediment flux through landscapes with different degrees of morphological complexity, with greater complexity leading to larger mismatches between hillslope erosion and sediment discharge at the outlet [Baartman et al., 2013] .
Conclusions
Within the Humahuaca Basin of NW Argentina, our OSL ages of terrace sediments illustrate that aggradation along tributaries on the west side of the valley primarily occurred during late Pleistocene periods of increasing precipitation and on the east side during periods of decreasing or variable precipitation. Our cosmogenic 10 Be data show that although landsliding is an important process today for mobilizing sediment from hillslopes, it was even more important during past periods of aggradation on the west side of the valley (when precipitation was increasing). On the east side, the pattern is more complex, with a possible signature of landsliding in the upper perched basins but no increased importance of landslides during the downstream aggradation (when precipitation was decreasing).
Differences in valley geometry and connectivity can explain this diachroneity in aggradation. Landslides were likely triggered throughout the landscape when the climate was becoming wetter. We envision that the mobilization of sediment from landslides led to aggradation in the western tributaries but to blockage of the narrow bedrock gorges along the eastern tributaries. Later, as precipitation decreased, those blockages were slowly removed, resulting in the remobilization of dammed sediment in the east and its redeposition in downstream fill terraces. By integrating our data with previously published data from the western Central Andes, it appears as if across this broad zone of arid to semiarid climates, fluvial aggradation peaked during times of increasing precipitation, unless it was influenced by transient sediment storage. Overall, our data illustrate how landscape connectivity can influence the timing of sediment evacuation from tributary valleys, with both in-phase and out-of-phase responses to climate forcing within a relatively small region.
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